INTRODUCTION
Macrophages are among the most multifunctional and heterogeneous cell types, present in virtually every mammalian tissue, where they monitor local environment and maintain homeostasis (Davies et al., 2013; Hume et al., 1983; Wynn et al., 2013) . They express a broad array of sensing molecules, including scavenger receptors, pattern recognition receptors, nuclear hormone receptors, and cytokine receptors, which allows macrophages to monitor tissue microenvironments and act as sentinel cells for infection and tissue damage. In addition, macrophages perform many tissue-specific functions, which is reflected in their phenotypic diversity. Thus, alveolar macrophages, Kupffer cells, microglia, and osteoclasts all have specialized functions and phenotypes, suggesting that local tissue-derived signals may control the development of tissue-specific phenotypes (Gordon and Taylor, 2005; Murray and Wynn, 2011) . However, with some exceptions (Boyle et al., 2003) , these signals remain largely unknown.
It is also increasingly appreciated that distinct transcriptional master regulators control the development of tissue-specific macrophage phenotypes (Gautier et al., 2012) . Several examples of transcription factors that dictate tissue-specific transcription programs in macrophages have been reported, and the deletion of these transcription factors resulted in the ablation of particular tissue macrophage subsets (Kohyama et al., 2009; A-Gonzalez et al., 2013; Takayanagi et al., 2002) , suggesting their involvement in the differentiation of the corresponding macrophage populations. In addition, mature macrophages can undergo functional polarization in response to environmental signals (Stout et al., 2005) . Two well-appreciated macrophage polarization programs are classically activated (M1) and alternative activated (M2) macrophages that are induced by different stimuli such as LPS+IFNg and IL-4, respectively (Biswas and Mantovani, 2010; Gordon and Martinez, 2010) . Transcription factors, including STAT1, STAT6, C/EBPb, IRF-4, IRF5, and PPARg, have been shown to regulate transcription programs that control M1/M2 macrophage polarizations (Lawrence and Natoli, 2011) . It is also increasingly appreciated that many other functional polarization programs of macrophages likely exist, which may be expressed in either an inducible or constitutive and tissue-specific manner. However, the signals and transcription factors that control most of these programs remain to be defined.
In principle, tissue-specific phenotypes of macrophages (or any other cell type) can be generated by hard-wired, irreversible differentiation programs that are controlled by lineage-specific master regulators. Alternatively, they can be based on functional polarization programs, which are reversible and inducible on demand, analogous to M1 and M2 polarizations. In the latter scenario, one can expect that multiple transcriptional regulators may be induced to control specific functional programs at times and places specified by diverse functional requirements in different tissues.
Macrophages of the mouse peritoneal cavity are among the best-studied tissue macrophage in terms of cell biology and inflammatory responses (Cain et al., 2013) . However, the tissuespecific function of macrophages in this site remains poorly defined. Peritoneal cavity is a unique body compartment for B-1 cell distribution. B-1 cells are a subtype of B cells that account for 35%-70% of B cells in peritoneal cavity, whereas they are almost absent in lymphoid tissues (0.1%-2%) (Baumgarth, 2011) . Peritoneal B-1 cells generate the majority of the natural IgM antibodies, including antibody specific for phosphorylcholine (PC). B-1 cells thus constitute a key component of early immune responses to pathogens. Additionally, B-1 cells in peritoneal cavity continuously migrate to intestinal lamina propria, where they give rise to IgA-secreting cells (Baumgarth, 2011; Fagarasan et al., 2010) . The tissue-specific role of macrophages in body cavity immunity is not clear in terms of B-1 cell regulation. However, CXCL13, a chemokine that is essential for B-1 cell migration to peritoneal cavity, is abundantly expressed by peritoneal macrophages (Ansel et al., 2002) , suggesting that peritoneal macrophages may have a pivotal role in B-1 cell regulation.
Here, we used peritoneal macrophage as an experimental model to investigate the tissue-specific functions and external cues that control their specific gene expression program. Based on the whole-genome gene expression analysis comparing six tissue-resident macrophages, we identified zinc finger transcription factor GATA6 as a regulator of a tissue-specific gene expression program in peritoneal macrophages. GATA6 controls anatomical localization of peritoneal macrophages, but not their development. In addition, we found that GATA6 expression and other peritoneal macrophage-specific gene expression programs are induced by local tissue-derived retinoic acid. Lastly, we show that GATA6 in peritoneal macrophages regulates gut IgA response mediated by peritoneal B-1 cells. Together, our study provides new insight into the mechanism of generation of tissue macrophage diversity.
RESULTS

Identification of GATA6 in Peritoneal Macrophages
The aim of the study was to characterize tissue-derived signals that control diversity of macrophage phenotypes. To address this, we first examined gene expression profiles of tissue-resident macrophages. We purified macrophages from peritoneal cavity, lung, liver, spleen, intestine, and adipose tissue from C57BL/6 mice (Figure S1A available online), and whole-genome gene expression was determined by DNA microarray ( Figure 1A ). Microarray analysis revealed diversity of tissue macrophages in terms of gene expression ( Figure S1B) . Consistent with the previous study (Gautier et al., 2012) , we found that zinc finger transcription factor GATA6 is uniquely expressed at a high level in peritoneal macrophages compared to tissue-derived, bone-marrow-derived (BMDM) and fetalliver-derived macrophages ( Figure 1B ). Previous studies showed that transcription factors NFATc1 and Spic, which regulate tissue-specific transcription programs in osteoclast and splenic red pulp macrophages, respectively, had restricted expression among tissue macrophages (Kohyama et al., 2009; Takayanagi et al., 2002) , suggesting that GATA6 may control peritoneal macrophage-specific gene expression. Mouse peritoneal macrophages are made up of two subsets (Ghosn et al., 2010) : large peritoneal macrophages (LPMs) and small peritoneal macrophages (SPMs). LPMs make up the majority of peritoneal macrophages and express high levels of F4/80 but low MHC class II (MHC-II); SPMs express lower F4/80 but high levels of MHC-II ( Figure 1C , left and middle). The expression of GATA6 in LPMs had bimodal distribution ( Figure 1C , lower-right), but it was negligible in SPMs, thioglycollate-induced peritoneal macrophages (Thio-pMacs), and neutrophils (Figures 1C, and 1D) . In contrast, mRNA of chemokine receptor Ccr2, which plays a critical role in monocyte recruitment during inflammation (Kurihara et al., 1997) , was highly expressed in SPMs ( Figure S1C ). The cell number of SPM, but not of LPM, was significantly reduced in peritoneal exudate from Ccr2 KO mice ( Figures  S1D and S1E) , suggesting that the majority of SPMs are originated from inflammatory monocyte population.
To examine the role of GATA6 in peritoneal macrophages, we crossed Gata6-floxed mice with LysM-cre mice (with macrophage and neutrophil specific Cre expression) to establish mice specifically deficient for Gata6 gene in macrophage lineage (Mac-Gata6 KO), as neutrophils do not express GATA6 (Clausen et al., 1999; Sodhi et al., 2006) . Mac-Gata6 KO mice developed LPMs in peritoneal cavity with reduced F4/80 expression ( Figure 1C) . Furthermore, the number of LPMs, but not SPMs, harvested from peritoneal exudate was greatly reduced in MacGata6 KO mice ( Figure 1E ). This was consistent with ex vivo analysis of mice genetically labeled with Yfp reporter for macrophage lineage (LysM-Cre;R26-stop-Yfp), which revealed reduction in the numbers of macrophages on parietal peritoneal membrane of Mac-Gata6 KO mice ( Figure S1F ). Despite the dramatic reduction in LPM numbers, their proliferative status was not affected by GATA6 deficiency ( Figure S1G ). In addition, blood leukocyte counts were normal in Mac-Gata6 KO mice ( Figure S1H ).
Immunofluorescence analysis of peritoneal exudate cells from control mice demonstrated restricted expression of GATA6 protein in macrophages and its absence in Mac-Gata6 KO mice ( Figure 1F ). The elimination of GATA6 protein in LPMs of MacGata6 KO mice was also confirmed by flow cytometry (Figures 1C, , whereas truncated Gata6 mRNA, which lacks the targeted region, exon 2, was comparably detected in LPMs of Mac-Gata6 KO mice ( Figure 1G ). These results further confirm that GATA6 is not essential for LPM development.
GATA6-Dependent Tissue-Specific Gene Expression Program
We next determined the role of GATA6 in gene regulation of peritoneal macrophages. DNA microarray identified genes suppressed in Mac-Gata6 KO peritoneal macrophages, many of these genes being specific to peritoneal macrophages in WT mice ( Figure S2A ). To determine the role of GATA6 in the peritoneal macrophage-specific gene expression program, we selected 44 genes that had expression of at least 5-fold higher in peritoneal macrophages compared to all five other tissue macrophages studied here (Figure 2A ). We provisionally termed these genes peritoneal macrophage-specific genes (PMSGs). Microarray analysis revealed that Mac-Gata6 KO peritoneal macrophages strongly downregulated the expression of 39% (17 out of 44 genes) of PMSGs (Figure 2A ), which was further confirmed by quantitative PCR (Figures 2B and 2C ). In contrast, the rest of PMSGs had comparable expression in Mac-Gata6 KO macrophages ( Figures 2B, 2C , S2B, and S2C). Consistently, the reduction of protein expression of CD62P, CD49f, and CD73 was detected in Mac-Gata6 KO LPMs, whereas that of CD102 was intact ( Figure 2D ). These findings indicate that GATA6 is essential for the induction of a subset of PMSGs. Furthermore, retroviral transduction of Gata6 into fetal-liver-derived macrophages induced the expression of GATA6-dependent PMSGs such as Serpinb2, Cd62p, Thbs1, Tgfb2, and Ltbp1 ( Figure 2E ), indicating that GATA6 regulates these genes in a cell-autonomous manner.
Retinoic Acid Regulates PMSG Program
We next addressed the extracellular signal(s) inducing the expression of PMSGs including GATA6. We found that peritoneal macrophages had an abundant expression of retinoic acid nuclear receptor RARb (Figures 2A, S2B , and S2C). We also found the presence of retinoic acid response elements (RAREs) in the putative regulatory region of Gata6 gene (within 1 kb 5 0 to the transcription start site) ( Figure 3A ). Rarb and two other GATA6-independent PMSGs, Rai14 and Arg1, were shown to be induced by retinoic acid in other cell types (Chang et al., 2013; de Thé et al., 1990; Kutty et al., 2001) . Furthermore, the link between retinoic acid and GATA6 was previously described, though the exact molecular mechanism was unclear (Capo-Chichi et al., 2005; Mauney et al., 2010) . Collectively, this suggested a possibility that retinoic acid in peritoneal macrophages may control expression of Gata6-and GATA6-dependent genes, as well as other PMSGs.
To test whether retinoic acid could activate the Gata6 gene, genomic DNA covering 1 kbp upstream from Gata6 transcription start site was cloned into luciferase reporter plasmid ( Figure 3A ). The reporter constructs were transfected into 3T3 cells together with RARb expression plasmid, and the cells were stimulated with all trans-retinoic acid (ATRA), which is the most abundant form of retinoic acid in vivo. Reporter activity of WT promoter was increased about 4-fold post-ATRA stimulation, whereas mutations in either or both RAREs reduced or eliminated the reporter activity, respectively ( Figure 3B ). We next treated freshly isolated peritoneal macrophages with pan-retinoic acid receptor inverse agonist BMS493 to determine whether blocking retinoic acid signaling affected PMSG induction. Interestingly, the expression of Gata6 and several GATA6-independent PMSGs (Rarb, Rai14, Arg1, and Fn1) was significantly suppressed by BMS493 ( Figure 3C ). To further explore the role of retinoic acid signal in PMSG induction, we carried out in vivo depletion of vitamin A, which is the precursor of retinoic acid, from mice. In the previous study, mouse breeding on vitamin-A-depleted diet was shown to result in a steady decline of serum vitamin A. At 6 weeks of age, it is <50% of control value; at 8 weeks, < 20%; and at 11 weeks, < 10% (Smith et al., 1987) . Six-week-old vitamin-A-depleted (VAD) mice had a comparable or slightly reduced number of peritoneal macrophages to control diet fed mice. The expression of Gata6 mRNA was significantly downregulated in peritoneal macrophages from 6-week-old VAD mice, whereas ATRA treatment recovered the expression ( Figure 3D ). In addition, the mRNA expression of Saa3, Lrg1, Arg1, and Fn1 was significantly suppressed in peritoneal macrophages from 6-week-old VAD mice ( Figure 3E ). ATRA stimulation also induced the expression of PMSGs (Rarb, Rai14, Arg1, and Fn1) . These results indicate that retinoic acid inducibly and reversibly regulates gene expression of GATA6 and other PMSGs in peritoneal macrophages.
Longer periods of vitamin A deprivation (9 and 12 week old ages) showed further reduction of GATA6 expression in LPMs ( Figure 4A ). In a delayed fashion, downregulation of CD102 and CD11b, which are GATA6-independent PMSGs ( Figures  2A-2C ), was also observed (Figures 4B and 4C ). In addition, peritoneal exudate cells from VAD mice revealed age-dependent reduction in the frequencies and numbers of LPMs ( Figures 4C  and 4D ). In contrast, CD11b-F4/80 intermediate population started appearing at 9 weeks of age ( Figures 4C and 4E ). Flow (A) Heatmap of mRNA expressed at least five times over in peritoneal macrophages relative to their expression in all other tissue macrophages. Expression levels were shown as relative values normalized by that of BMDM. Note that apparent expression of Gata6 mRNA is due to the hybridization region (exon7) of microarray probe (refer to Figure 1G ). (B and C) The mRNA expression of the indicated genes in tissue macrophages (B, representative of two independent experiments) and LPMs of littermate controls and Mac-Gata6 KO mice (C, n = 6-12) was determined by quantitative PCR and is expressed as a relative value to Gapdh mRNA. (D) Expression of indicated proteins in LPMs was analyzed by flow cytometry. Green, control; red, Mac-Gata6 KO; dotted line, unstained control. (E) mRNA expression of the indicated genes was determined in fetal liver-derived macrophages after retrovirus-mediated transduction of Gata6 (n = 3). Error bars represent SD. *p < 0.05, ***p < 0.001, ****p < 0.0001. N.S., not significant. See also Figure S2 . cytometry and morphological analyses revealed that this population consists of at least three cell types: eosinophils (P1), macrophages (P2), and monocytes (P3) ( Figure 4E ). P2 macrophages displayed similar protein expression profiles with SPMs in terms of GATA6, CCR2, CD102, and MHC-II ( Figure 4F ), suggesting that continuous vitamin A deprivation results in recruitment of inflammatory macrophages. Indeed, further vitamin A deprivation (18 weeks old) significantly increased peripheral neutrophils ( Figure S3 ), consistent with the previous study (Kuwata et al., 2000) . Because it has been reported that peritoneal inflammation induces the disappearance of macrophages from peritoneal cavity, a phenomenon known as macrophage disappearance reaction (MDR) (Barth et al., 1995) , these results suggest that long-term vitamin A deprivation, in addition to control of GATA6 expression, can lead to LPM disappearance through inflammation.
Although some tissues had severely reduced their size (e.g., lung and adipose tissue) at the late stage of vitamin A deprivation, frequency of tissue macrophages in the spleen and small intestine was comparable to that of mice bred on control diet (D and E) Peritoneal macrophages from 6-weekold mice bred with control diet or VAD were stimulated with 1 mM ATRA for 6 hr (D) or 24 hr (E), and then the expression of indicated genes was quantified (n = 3). Error bars represent SD. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. N.S., not significant.
( Figure S3 ), indicating that early macrophage differentiation was not affected by vitamin A deprivation.
Macrophage Accumulation in Omenta of Mac-Gata6 and VAD Mice Most of the vitamin A in the body is stored in liver as transcriptionally inactive metabolites (e.g., retinyl esters) and is continuously deployed into circulation (Hall et al., 2011) . Vitamin-A-mediated transcriptional activation requires local conversion of these inactive vitamin A metabolites into biologically active retinoic acid (Duester, 2008; Gudas, 2012) . The expression of neither Gata6 nor retinoic-acid-inducible genes (Rarb and Rai14) was detected in circulating leukocytes, including monocytes ( Figures S4A and  S4B ), suggesting that LPMs or their precursor cells (if they originate from circulating progenitors) receive retinoic acid signal after recruitment into peritoneal cavity or its associated tissues. Retinoic-acid-converting enzymes are abundantly expressed in peritoneum-associated adipose tissue, omentum, which is formed by a double layer of mesothelial cells that connects the stomach, pancreas, spleen, and colon (Maruya et al., 2011 and Figure 5A , left). Indeed, Raldh2, which is the rate-limiting enzyme for the last step of retinoic acid synthesis (retinaldehyde to retinoic acid) (Gudas, 2012) , is highly expressed in omentum compared to other tissues ( Figure 5B Mac-Gata6 KO and 9-week-old VAD mice accumulated CD11b + macrophages around milky spots, as illustrated by clusters of B cells marked by B220 signal, whereas relatively few macrophages were detected in the omentum of control mice ( Figure 5C ). Consistent with this observation, flow cytometry analysis of omentum cells revealed increased frequency of macrophages in Mac-Gata6 KO and VAD mice ( Figure 5D , top). Omentum macrophages expressed GATA6 protein in control mice, but not in VAD or Mac-Gata6 KO mice ( Figure 5D , bottom). Together with the reduction in LPM numbers in peritoneal lavage of Mac-Gata6 KO ( Figure 1E ) and VAD mice ( Figure 4D ), these results indicate that GATA6 and retinoic acid maintain macrophages in peritoneal cavity and that loss of these factors results in the accumulation of macrophages in the omentum. Moreover, omentum macrophages in VAD mice had reduced expression of CD102 ( Figure 5D ), similar to LPMs in peritoneal cavity ( Figure 4B ). Interestingly, administration of ATRA to VAD mice restored the expression of GATA6 in omentum (Figure 5E ), confirming inducibility of GATA6 by retinoic acid in macrophages. Intraperitoneal (IP) challenge with lipopolysaccharide (LPS) induces MDR-macrophage disappearance from peritoneal cavity (Figures 5F and S4C ; Barth et al., 1995) . We found that, following LPS injection, GATA6 + macrophages rapidly accumulated around milky spots in omentum ( Figures 5C and 5D ). Macrophage interaction with mesothelial cells was proposed to be a key step in MDR (Jonji c et al., 1992) . Consistent with that, peritoneal macrophages from Mac-Gata6 KO mice had enhanced interaction with mesothelial cells in vitro ( Figure 5G ), as well as with tissue culture plastic ( Figure S4D ), suggesting that alteration of adhesion property might be involved in macrophage redistribution in Mac-Gata6 KO mice. There were two possible explanations for the accumulation of macrophages in the omenta in Mac-Gata6 KO and VAD mice. One is that cell-extrinsic signals, such as constitutive peritoneal inflammation, induce macrophage migration from peritoneal cavity to omentum in these mice. This possibility is suggested by the appearance of inflammatory macrophages (P2 or SPM) in VAD mice ( Figures 4E and 4F ), but not in Mac-Gata6 KO mice ( Figure 1E ). Another possibility is that GATA6 controls macrophage localization in a cell-autonomous manner. As bone marrow (BM) transfer could establish GATA6 + macrophage population in peritoneal cavity ( Figure S4E ), we examined mixed BM chimeric mice to distinguish between these possibilities. We prepared BM cells isolated from WT and Mac-Yfp/ Mac-Gata6 KO mice (LysM-Cre;R26-stop-Yfp; Gata6-floxed) and cotransferred into lethally irradiated mice at the 1:1 ratio ( Figure 5H ). Alveolar macrophages in lungs were observed to maintain initial chimerism (50%) at 5 weeks post-BM transfer (47.5% ± 3.2% for Mac-Gata6 KO). In contrast, Mac-Gata6 KO macrophages greatly reduced frequency in peritoneal cavity (17.6% ± 0.2%) but increased in omentum (62.0% ± 2.7%). This indicates that the accumulation of macrophages in omentum of Mac-Gata6 KO mice is caused by cell-autonomous defect of macrophage phenotype. In addition, these results suggest that macrophages receive retinoic acid provided by omentum and migrate to peritoneal cavity in a GATA6-dependent manner.
Coordinated Induction of PMSGs by Retinoic Acid and Omentum-Derived Factor(s)
We next examined whether ATRA alone or together with other local tissue-derived signals controls functional polarization of peritoneal macrophages. We treated BMDMs with ATRA and/or omentum culture supernatant (OMsup) as a source of additional tissue-derived signals. OMsup was prepared with serum-free medium, which did not contain any vitamin A metabolites. Genes induced by these stimuli were analyzed by microarray ( Figure 6A ). Interestingly, several GATA6-independent PMSGs (Saa3, Lrg1, Arg1, and Prtn3) were strongly induced in BMDMs stimulated with OMsup in the presence or absence of ATRA. Quantitative PCR analysis revealed that some PMSGs (Rarb, Rai14, and Apoc2) were induced by ATRA, whereas other PMSGs (Saa3, Lrg1, and Hp) were induced by OMsup in a retinoic-acid-independent manner ( Figures 6B, S5A , and S5B). Furthermore, the induction of Arg1, Fn1, and Prtn3 genes was only detected in the presence of both ATRA and OMsup. This result suggests that the retinoic acid and omentum-derived factor(s) play a role, alone and in combination, to control distinct subsets of PMSGs. In contrast to these GATA6-independent PMSGs, Gata6 was not induced in BMDMs by either or both ATRA and OMsup. In addition, it was also unclear why GATA6 was only expressed in LPMs, but not in SPMs and Thio-pMacs that were present in peritoneal cavity, even though RAR mRNA was expressed in these cells ( Figure S5C ). Histone 3 lysine 4 trimethylation (H3K4me3) is associated with transcriptionally active or poised loci, whereas H3K27me3 is associated with gene silencing (Kouzarides, 2007) . The presence of H3K4me3 modification was detected in Gata6 locus of LPMs, whereas BMDMs and Thio-pMacs had H3K27me3 modification ( Figures  6C and S5D ). This indicates that Gata6 locus of BMDMs and Thio-pMacs is epigenetically silenced, which presumably explains why Gata6 and its target genes were not expressed in these cell types. The expression of Arg1 was remarkably induced by the combination of retinoic acid and omentum factor(s). Although Arg1 is one of the signature genes for IL-4/IL-13-induced M2 macrophage polarization, which is mediated by IL-4 receptor a subunit (IL4Ra) and STAT6 (Chawla et al., 2011) , the expression of Arg1 in peritoneal macrophages was intact in Il4ra KO and Stat6 KO mice ( Figure S5E ). Consistent with this, the M1 (Nos2) and M2 (Cd206, Retnla, Chi3l3, and Chi3l4) marker genes were differently expressed across different tissue macrophages ( Figure S5F ).
GATA6 in Macrophages Controls Gut IgA Response
We next asked whether the retinoic acid-GATA6 pathway controls peritoneal macrophage-specific functions and what these functions are. Among the genes that are highly and specifically expressed in peritoneal macrophages in a GATA6-dependent manner are Tgfb2; Ltbp1, which regulates extracellular matrix deposition of TGF-b; and Thbs1, which promotes activation of latent form of TGF-b (Fortunel et al., 2000) (Figures 2A-2C and 2E). TGF-b and retinoic acid are the most prominent factors inducing IgA class switching as well as gut-homing receptor expression on the B cell (Hall et al., 2011; Roy et al., 2013) . In addition, peritoneal B-1 cells can give rise to IgA-secreting plasma cells in the gut (Baumgarth, 2011; Mora and von Andrian, 2009 ). Therefore, we asked whether GATA6 in peritoneal macrophages plays a role in gut IgA production through peritoneal B-1 cell regulation. B-1 cells of peritoneal cavity are thought to directly migrate into intestinal lamina propria and give rise to IgA-secreting cells in a manner that is independent of gut-associate lymphoid tissue (GALT) (Fagarasan et al., 2010; Uematsu et al., 2008) . Because B-2 cell IgA production can mask the contribution of B-1 cells, we crossed Mac-Gata6 KO mice to Rorc-deficient (Rorc gfp/gfp ) mice, which lack secondary lymphoid organs (Eberl et al., 2004) . Deficiency of the Rorc gene resulted in a reduced but detectable amount of fecal IgA ( Figure 7A ). MacGata6 KO/Rorc KO mice had significantly reduced fecal IgA compared to Rorc KO mice ( Figure 7A ), whereas serum natural IgM-, IgA-, and PC-specific IgM were comparably detected ( Figure S6A ). Consistent with this, the number of IgA + cells in the lamina propria was much fewer in Mac-Gata6 KO/Rorc KO mice ( Figures 7B and S6B ). GATA6 deficiency did not affect peritoneal B-1 cell population ( Figure S6C ), and the expression of LysM and Gata6 was not detected in peritoneal B-1 cells ( Figures  S6D and S6E ), indicating that a reduction in IgA production was not due to B-1 cell-intrinsic alteration. Additionally, GATA6 protein in small intestine was only detected in intestinal epithelial cells, but not in lamina propria cells, and the epithelial expression was not affected in Mac-Gata6 KO mice ( Figure S6F ). This excludes the possibility of the contribution of lamina propria cells (e.g., macrophages and dendritic cells) to the IgA phenotype. Lastly, to determine the role of GATA6-dependent expression of TGF-b in the generation of IgA, we examined coculture of peritoneal B-1 cells with LPMs. Peritoneal B-1 cells underwent IgA class switching by coculture with WT LPMs in the presence of ATRA ( Figure 7C ). Mac-Gata6 KO LPMs were deficient in the generation of IgA + B-1 cells, and this defect was restored by the addition of recombinant TGF-b2. In contrast, GATA6 deficiency in LPMs did not affect the expression of gut-homing receptors (CCR9 and integrin-a4b7) on B-1 cells ( Figure S6G ). These results indicate that GATA6 in peritoneal macrophages is critical for GALT-independent IgA production by peritoneal B-1 cells.
DISCUSSION
Although accumulating evidence highlights the diversity of tissue-specific macrophage phenotypes, the extracellular signals that regulate specialized macrophage functions are largely unknown. Here, we show how local tissue-derived signals, including retinoic acid, control peritoneal macrophage-specific transcriptional program. A transcription factor GATA6, which is uniquely expressed in peritoneal, but not other macrophage subsets, is induced by retinoic acid and controls a subset of peritoneal macrophage functions, including their compartmentalization and control of IgA production by B-1 cells. Previous studies showed the presence of macrophage precursor cells in omentum (Daems and de Bakker, 1982) , local proliferation of omentum macrophages (Wijffels et al., 1992) , and the production of macrophage colony-stimulating factor (M-CSF) in milky spot stromal cells (Ratajczak et al., 1987) , suggesting that omentum may serve as a site for peritoneal macrophage development. Together with these earlier observations, a high level of Raldh2 expression in omentum ( Figure 5B ) suggests that, during macrophage development, omentum provides retinoic acid, which is required for the efficient migration of macrophages to peritoneal cavity through the induction of GATA6. In addition, our data suggest that omentum provides not only retinoic acid, but also additional factor(s) for the induction of a subset of PMSGs ( Figure 6B ). Thus, multiple signals that are present in the local tissue environment may control different gene expression programs in macrophages.
Although the expression of several PMSGs was induced by ATRA, OMsup, or a combination of both factors in BMDMs ( Figures 6B and S5A) , the induction of the Gata6 gene by any of these signals was not detected in BMDMs, even though hematopoietic progenitors that give rise to BMDMs can generate GATA6-positive LPMs in vivo, as demonstrated by BM chimera experiments ( Figure S4E ). Interestingly, we found the Gata6 locus to have silencing chromatin modifications (H3K27me3) in BMDMs and inflammatory macrophages, whereas Gata6 locus in LPMs has an H3K4me3 mark associated with active chromatin (Figures 6C and S5D) . In multipotent progenitor stage, developmental genes are bivalently marked by H3K4me3 and H3K27me3 and are thus primed for activation prior to differentiation (Kraushaar and Zhao, 2013) . As cells differentiate into different lineages, these bivalent modifications resolve into monovalent H3K27me3 or H3K4me3 modifications. Thus, our findings suggest that induction of Gata6 gene in peritoneal macrophages requires at least two steps. First, Gata6 locus is epigenetically modified to remove the silencing histone modification H3K27me3, making it competent for induction at the second step, when omentum-derived ATRA induces Gata6 expression through RAR. The signal involved in epigenetic modification of Gata6 locus and the anatomical location where this signal is provided will need to be determined in future studies because this mechanism may be applicable to other compartment-specific cell differentiation pathways.
GATA6 has a bimodal expression in LPMs ( Figure 1C ). Interestingly, the GATA6-high LPM population but not GATA6-low population is positive for proliferation marker Ki67 ( Figure S1G ), suggesting that GATA6-high LPMs might reflect newly migrated population from omentum after proliferation. GATA6 target gene(s) responsible for macrophage localization in peritoneal cavity and chemoattractive signal that might regulate macrophage egress from omentum (if such signals exist) remain to be identified.
Previous studies identified transcription factors that control tissue specific transcription programs in macrophages. However, as the deficiency of these transcription factors resulted in the disappearance of corresponding macrophage subsets from tissues, it was not possible to determine the role of these transcription factors in the tissue-specific gene regulation. In this study, we found that PMSGs fall into GATA6-dependent and GATA6-independent subsets. Thus, tissue-specific macrophage phenotypes can be defined by a combination of multiple transcription factors, each controlling different functional programs. For example, high expression of transcription factors RARb and NFE2 was detected in peritoneal macrophages (Figures 2B and S2B) , suggesting that these transcription factors may have a role in GATA6-independent gene regulation. Importantly, we found that GATA6 is not essential for the development of peritoneal macrophages but is required for their maintenance in the proper tissue compartment. Thus, some macrophage subset-specific transcription factors and associated gene expression programs can control macrophage localization and maintenance in a particular tissue compartment, rather than macrophage development.
Tissue macrophages are derived from two sources. Traditionally, all tissue macrophages have been considered to derive from circulating monocytes originated from hematopoietic stem cells (Gordon and Taylor, 2005) . Recent studies uncovered that a substantial portion of tissue macrophages arises from yolk sac during embryogenesis, and these cells are maintained by local proliferation (Ginhoux et al., 2010; Schulz et al., 2012) . Together with the previous report (Schulz et al., 2012) , our data would suggest that LPMs are most likely yolk sac derived. However, our BM transfer experiment showed that hematopoietic-stemcell-derived macrophages are also able to express GATA6 in peritoneal cavity. Although the details of the origin of LPMs will need to be established further, the data so far suggests that a GATA6-driven program can generate LPMs from either yolk sac or hematopoietic progenitors.
Vitamin A deficiency is an important public health problem in humans, particularly in developing countries, where it is associated with increased susceptibility to gastrointestinal and lung infections, poor response to vaccination, increased HIV pathogenesis, and overall increased mortality, especially in children (Cassani et al., 2012) . Vitamin A can modulate the function and development of many immune cell types, including T cells (Iwata et al., 2004; Mucida et al., 2007) , B cells (Mora et al., 2006) , dendritic cells (Coombes et al., 2007) , innate lymphoid cells (Spencer et al., 2014) , and B-1 cells (Maruya et al., 2011) . Our study provides additional insights into retinoic acid function in the immune system. Specifically, retinoic-acid-dependent GATA6-TGF-b induction in peritoneal macrophages regulates B-1 cell-mediated gut IgA production. Previous studies showed that TGF-b can be provided by dendritic cells and stromal cells in intestinal lamina propria for IgA class switching in peritoneal B-1 cells (Fagarasan et al., 2010) . It will be interesting to determine the contribution or distinct roles of LPM-derived and lamina propria cell-derived TGF-b in the generation of intestinal IgA. It is possible that the preferential IgA class-switching property of peritoneal B-1 cells (Kaminski and Stavnezer, 2006; Roy et al., 2013 ) is mediated by the priming effect of TGF-b2 provided from LPMs. B-1 cell-derived IgA plays a dominant role in the recognition of commensal bacteria compared to B-2 cell-derived gut IgA (Macpherson et al., 2000) . It will be interesting to determine the role of GATA6-dependent gut IgA production in the maintenance of intestinal microbial homeostasis.
The expression level of PMSGs, including GATA6, was gradually affected by the dietary vitamin A depletion ( Figures 4A-4C ) and was restored by exogenous ATRA (Figures 3D and 3E ) and suppressed by RAR inhibition (Figure 3C ), suggesting that the availability of the instructive signals can affect the degree of tissue-specific gene expression in macrophages. Macrophages may thus constantly survey local tissue status and dynamically change their phenotype to deal with continuously changing tissue environment. Thus, the diversity of tissue macrophage phenotypes may, at least in part, be due to a reversible transcriptional program activated on demand by tissue-derived signals.
EXPERIMENTAL PROCEDURES
Extended Experimental Procedures are included in the Supplemental Information.
Mice All mice were bred in the Yale University School of Medicine animal facility in specific pathogen-free conditions, and experiments were performed in accordance with the institutional animal care and use guidelines. Unless specifically indicated, 8-to 16-week-old same-gender littermates were used and data were pooled where indicated. Ccr2 , and Stat6 À/À mice were obtained from Jackson Laboratories. Gata6-floxed mice were backcrossed to C57BL/6 for 6-11 generations in our facility. Hematology analysis was performed by the animal healthcare service Antech.
Statistical Analysis
All experiments were performed at least twice. Results were statistically analyzed using an analysis of variance (ANOVA) test or Student's t test. A p value of < 0.05 was considered to be statistically significant.
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